Introduction
Signaling between embryo and aleurone tissues plays a central role in the regulation of germination-speci®c gene expression in cereals. The fact that gibberellic acid (GA) secreted by the germinating embryo acts as an inducer of a-amylase genes in the aleurone is demonstrated by the classic`half seed' germination experiment in which a portion of the barley aleurone is physically isolated from the in¯uence of the embryo (Jacobsen and Chandler, 1987) . Abscisic acid (ABA) is a well-known antagonist of GA and inhibitor of a-amylase gene expression in this system (Chrispeels and Varner, 1967; Jacobson and Chandler, 1987) . In developing seeds, on the other hand, the importance of GA and signaling between embryo and aleurone is less clear. In wheat, sensitivity of the aleurone to GA is acquired late in seed development (Cornford et al., 1986; Garcia-Maya et al., 1990) . ABA and sensitivity to ABA have been implicated as key factors that prevent precocious embryo germination in developing cereal grains (Evans et al., 1975; Oishi and Bewley, 1990; Steinbach et al., 1995; Steinbach et al., 1997; Walker-Simmons, 1987) . However, studies of pre-harvest sprouting in sorghum, a close relative of maize, suggest a role for GA signaling in precocious seed germination (Steinbach et al., 1997) .
The viviparous mutations of maize cause precocious germination by blocking either ABA synthesis (Neill et al., 1986) or ABA sensitivity in the developing seed (Robichaud et al., 1980) . A key function of the maize viviparous-1 (vp1) regulatory gene required for normal ABA sensitivity is to ensure proper integration of the maturation and germination phases in the seed. VP1 is a transcriptional activator of many ABA-regulated maturation genes (McCarty et al., 1991) and also functions as a repressor of a-amylase genes in the aleurone layer of the seed endosperm (Hoecker et al., 1995; Wilson et al., 1973 ). An analysis of somatically unstable vp1-m2 mutant seeds that have genetic mosaic endosperm indicates that the developmental state of the embryo (i.e. viviparous or quiescent (normal)) strongly in¯uences Vp1-mediated gene repression in developing aleurone cells (Hoecker et al., 1995) . De-repression of amylase genes in vp1 mutant cells may therefore be conditioned by signals that originate in the embryo.
While the`half seed' dissection is well suited to the analysis of embryo/endosperm interactions during germination of mature cereal grains, it is not readily applied to developing grains. In contrast, the availability of Bchromosome translocation stocks in maize provides a very powerful method of analyzing interactions between embyro and endosperm during seed development as well as germination. The vp1 genotypes of the embryo and aleurone tissues within a single seed can be manipulated independently by use of the T-B3La B-chromosome translocation stock (Dooner, 1985; Robertson, 1955) . Using this system, it was readily shown that the viviparous embryo and anthocyanin phenotypes of the vp1 mutant are expressed autonomously in embryo and aleurone (Dooner, 1985; Robertson, 1955) . This contrasts with evidence that VP1-mediated repression of a-amylase genes in aleurone cells involves a combination of cell autonomous gene action and non-autonomous signaling from the developing embryo (Hoecker et al., 1995) .
In order to better understand the role of the embryo as a modi®er of VP1-mediated repression in the developing aleurone, we have examined regulation of an a-amylase b-glucuronidase reporter gene (Amy-GUS, Hoecker et al., 1995) in aleurones of seeds that have non-concordant embryo and endosperm vp1 genotypes. We show that full de-repression of Amy-GUS in developing aleurones occurs only when both the embryo and endosperm are mutant. Moreover, we show that an embryo-speci®c mutant blocked early in development causes a similar de-repression of Amy-GUS in vp1 aleurones, suggesting that the lack of an embryo, in this respect, mimics the presence of a vp1 mutant embryo. Our results indicate that the wild-type embryo is a critical source of inhibitory signals that act independently of VP1 action in the aleurone.
Results

Amy-GUS expression in developing maize seeds that have non-concordant embryo and endosperm genotypes
Our previous studies of vp1 genetic mosaic seeds indicate that the developmental state of the embryo strongly in¯uences the phenotype of vp1 mutant cells in the aleurone cell layer of the endosperm (Hoecker et al., 1995) . In order to address the interaction of the embryo and aleurone during seed development more directly, we used crosses involving an A±B translocation chromosome to create kernels in which the endosperm and embryo genotypes differed at the vp1 locus. In the TB-3La translocation stock a segment of the long arm of chromosome 3L that includes the vp1 locus is attached to the centromere containing fragment of a maize B-chromosome. Because chromosomes containing the B centromere non-disjoin with a high frequency at the second mitotic division of microspore development, TB stocks produce mature pollen grains consisting of a genetically balanced vegetative nucleus and two non-identical sperm. In this case one sperm will contain two copies of the TB3La chromosome (two doses of Vp1) and the other will be de®cient for the long arm of chromosome 3 (0 doses of Vp1). When the TB-3La stock is crossed to a vp1 heterozygous female plant, two classes of genetically non-concordant seed are recovered depending on which of the two sperm effects fertilization of the egg and the polar nuclei, respectively, as diagrammed in Figure 1a . Inclusion of the R1-scm anthocyanin regulatory gene in both parental stocks facilitates identi®cation of the nonconcordant seed classes by causing anthocyanin pigmentation of Vp1 wild-type scutellum as well as aleurone tissues (Figure 1) . The cross diagrammed in Figure 1 yielded seed in four phenotypic classes: colorless endosperm, viviparous embryo; colorless endosperm, normal The four kernel types resulting from the diagramed cross. The normal aleurone, normal embryo class (leftmost) includes a mixture of heterozgous wild-type kernel types. The viviparous embryo, normal aleurone class (second from left) has a hypoploid embryo and a hyperploid endosperm. The normal embryo, mutant aleurone class (third from the left) has a hyperploid embryo and hypoploid endosperm that is de®cient for the paternal source 3L. The viviparous embryo, mutant aleurone class (rightmost) is homozygous for the normal chromosome 3 that carries the vp1 mutant allele. The shading indicates the presence of anthocyanin pigment in the embryo (embedded oval) and/or the surrounding endosperm (polygons) indicating the presence of a wildtype Vp1 allele. Unshaded regions lack anthocyanin (vp1 mutant phenotype). Open parentheses ( ) indicate a de®ciency for a paternal source 3L; T indicates a varied paternal contribution. pigmented embryo; normal pigmented endosperm, viviparous embryo; and normal pigmented endosperm, normal pigmented embryo.
The transcriptional activity of a barley high PI aamylase-GUS reporter gene (Amy-GUS) was determined in developing aleurones (24 dap) from kernels of each phenotypic class using a particle bombardment assay as described by Hoecker et al. (1995) . Consistent with our previous study, Amy-GUS expression was strongly repressed in concordant wild-type kernels and activated in concordant vp1 mutant seed (compare the rightmost and leftmost genotypes in Figure 2 ). Amy-GUS expression was approximately 15-fold higher in aleurones of the concordant, vp1 mutant seed than in aleurones of either of the non-concordant kernel types (the two genotypes shown in the middle of Figure 2 ). The nonconcordant kernels that contained a wild-type endosperm over a viviparous embryo had low, but signi®cant, levels of Amy-GUS activity indicating that two doses of a wildtype Vp1 allele in aleurone cells failed to completely repress Amy-GUS when a viviparous embryo was present in the seed. Conversely, loss of Vp1 function in aleurone cells caused a similar, weak de-repression of Amy-GUS in seeds that contained a wild-type embryo. These results indicate that transcription of the Amy-GUS gene in aleurone cells is in¯uenced independently by the respective genotypes of the aleurone and the embryo and that both tissues must be mutant to cause full de-repression of Amy-GUS in aleurone cells. This con®rmed that an interaction between the embryo and aleurone is important in maintaining repression of the aleurone germination response during seed development.
Ablation of the embryo and ABA de®ciency cause derepression of Amy-GUS in aleurones of developing kernels
We considered two possible models suggested by analogy with the classic hormonal regulation of the aleurone response of cereal grains during normal germination. One possibility would be that the viviparous embryo is the source of an inducer (e.g. GA) that is not synthesized by a normal quiescent embryo. In this model, secretion of an inducer by the viviparous embryo in combination with the absence of the VP1 repressor function in mutant aleurone cells would cause de-repression of the germination response in the concordant mutant kernels. An alternative possibility is that the presence of a quiescent (normal) embryo in the developing seed is the source of an inhibitory signal (e.g. ABA) that maintains repression of the aleurone hydrolase genes. The loss of inhibitor synthesis in seeds containing a viviparous embryo would allow de-repression of hydrolase genes in vp1 mutant aleurone cells. These scenarios are not necessarily mutually exclusive. Thus, a balance of inhibitor and inducer signals may be important in the developing seed. In order to test these possibilities we constructed two double mutants that combined vp1 with two mutations: (i) a recessive embryo mutation, emb-2008 (D.R. McCarty, unpublished results) that blocks embryo development at an early transition stage, but forms an apparently normal endosperm (see Experimental procedures); and (ii) the vp5 mutation which blocks ABA synthesis in the seed (Neill et al., 1986) .
Because the endosperm of emb-2008 is morphologically normal, this mutant provided a means of speci®cally ablating the embryo in the developing seed. We could then ask whether having little or no embryo tissue is equivalent to having a viviparous or quiescent embryo. Plants that were heterozygous for both mutations were self-pollinated to generate ears that segregated for vp1 single mutant, emb-2008 single mutant, vp1, emb-2008 double mutant and wild-type kernel classes. The Amy-GUS activity measured in aleurones of these seeds at 24 days after pollination (d.a.p.) is shown in Figure 3 . Expression of Amy-GUS in emb-2008 aleurones was qualitatively greater than in wild-type aleurones indicating that a wild-type embryo is required for full repression of a-amylase transcription even in aleurones which have a wild-type Vp1 allele. Furthermore, aleurone cells of the vp1, emb-2008 double mutant produced higher Amy-GUS activities than aleurones of the vp1 single mutant, suggesting an additive interaction between the two mutations. The formal possibility that emb-2008 is actually epistatic to the vp1 mutation in repression of Amy-GUS was not excluded by this experiment because the difference in the mean GUS activities of emb-2008 single and vp1, emb-2008 double mutants was not statistically signi®cant. Relative Amy-GUS expression in developing aleurones of concordant wild-type, vp1 mutant and non-concordant kernel genotypes. Activity of the Amy-GUS reporter was measured in aleurones of developing seed at 24 d.a.p. using the particle bombardment assay described by Hoecker et al. (1995) . The GUS/LUC ratio was calculated by normalizing b-glucuronidase activity to a luciferase internal control as described previously (Hoecker et al., 1995) . Error bars indicate standard error of the mean of six replicates.
Analysis of vp5 single mutant indicates that ABAde®ciency caused partial de-repression of Amy-GUS in developing aleurone cells. This de-repression was similar to that caused by the emb-2008 mutation. Moreover, Amy-GUS was more strongly expressed in aleurones of the vp5, vp1 double mutant than in either single mutant, suggesting an additive interaction between vp1 and vp5. This agrees with our previous ®nding that exogenous ABA and VP1 act independently in repressing Amy-GUS in developing aleurone (Hoecker et al., 1995) . Taken together, the results presented in Figure 3 indicate that ABA de®ciency and the lack of a developing embryo caused by the emb-2008 mutation cause very similar effects in vp1 mutant aleurone cells as well as in Vp1 wild-type aleurone cells.
Amy-GUS expression in a GA 1 de®cient mutant
We have shown previously that VP1 can also repress Amy-GUS in aleurones of germinating seeds (Hoecker et al., 1995) . As in the case of developing seeds, the interaction of ABA and VP1 over-expression in aleurones of germinating seeds was additive (Hoecker et al., 1995; Figure 4 , leftmost set of bars). While these negative regulators have strong effects, the importance of GA as positive regulator of aamylase gene expression in the germinating maize seed is less clear. We have previously reported that Amy-GUS is weakly responsive to external GA (one-to threefold; Hoecker et al., 1995) in developing vp1 mutant aleurone cells. The results shown in Figure 4 indicate that the GA response of Amy-GUS in mature wild-type aleurone is essentially similar (2.5-fold) during seed germination. In both cases, the low fold induction re¯ects a relatively high level of Amy-GUS expression in the absence of exogenous GA. This result agrees with previous studies that show that a-amylase expression in maize aleurone is largely independent of exogenous GA (Harvey and Oaks, 1974) . Consistent with those ®ndings we found that Amy-GUS regulation was qualitatively similar in seeds of a GA de®cient mutant (d1, Spray et al., 1996) . Figure 4 shows that Amy-GUS was strongly expressed in aleurones of the d1 mutant and was only weakly induced by the addition of exogenous GA (1.7-fold). This GA induction was similar to that found in wild-type seeds (2.5-fold). Interestingly, Amy-GUS was more strongly inhibited by ABA in d1 aleurones than in wild-type aleurones. While the levels of active GAs present in aleurone cells of the d1 mutant have not been directly measured, these results do not support the hypothesis that GA synthesis and sensitivity limit aamylase expression during viviparous seed development or during normal germination.
Discussion
These results illuminate a key interaction that occurs between the embryo and endosperm in the developing maize seed. Our ®ndings indicate that regulation of aamylase transcription in vp1 mutant aleurones is strongly dependent on whether the developing embryo in the same seed is viviparous or normal. De-repression of Amy-GUS Figure 3 . Relative Amy-GUS expression in the aleurones of vp1, vp5 and emb-2008 single mutant and double mutant seed. Plants that were heterozygous for both vp1 and emb-2008 and plants that were heterozygous for both vp1 and vp5 were self-pollinated. The resulting ears segregated vp1 single mutant, emb-2008, vp1 emb-2008 double mutant kernels and wild-type (WT), vp5 single mutant, and vp1, vp5 double mutant kernels, respectively. Amy-GUS activity was assayed by particle bombardment of exposed aleurones (24 d.a.p.) and the GUS activity was normalized to a ubi-LUC internal control as described by Hoecker et al. (1995) . GUS/LUC activity in wild-type aleurones was less than 0.01. Error bars indicate standard error of the mean of four to six replicates. Figure 4 . ABA and GA regulation of Amy-GUS in wild-type and d1 mutant aleurones. Amy-GUS activity was assayed in aleurones of imbibed mature seeds by particle bombardment as described by Hoecker et al. (1995) . VP1 was over-expressed by co-bombardment with a 35S-sh-VP1 plasmid (Hoecker et al., 1995) . Following bombardment, kernels were incubated in media containing ABA (10 mM), GA (1 mM), both or no hormones. Error bars indicate standard error of the mean of ®ve replicates. in aleurone cells is strongest when both the aleurone and embryo are vp1 mutant. This con®rms the observation made in our previous study that the cell autonomous differences in hydrolase gene expression in mutant and normal cells of mosaic vp1-m2 aleurones are most pronounced in mosaic seeds that have viviparous embryos (Hoecker et al., 1995) . Developing aleurone cells evidently respond to a non-autonomous signal that originates in the embryo, and their response to this signal depends on whether or not they express Vp1. Notably, the two nonconcordant seed classes; vp1 aleurone, wild-type embryo and wild-type aleurone, vp1 embryo, respectively, exhibit levels of Amy-GUS expression that are comparable and signi®cantly higher than in the concordant wild-type class (Figure 2 ). This implies that independent actions of Vp1 in the two tissues, embryo and aleurone, are of roughly equal importance in mediating repression of Amy-GUS in aleurone cells and, moreover, that the combined effects of vp1 loss of function in both tissues are synergistic.
This complex interaction between different tissues contrasts with the strict organ and cellular autonomy of positive regulation by Vp1 of the anthocyanin biosynthetic pathway in aleurone cells (Dooner, 1985; McCarty et al., 1989a; McCarty et al., 1989b; Robertson, 1955) . Using similar A±B chromosome translocation techniques, Dooner (1985) showed that the vp1 mutant aleurones of genetically non-concordant kernels are de®cient in a variety of enzymes that are positively regulated by Vp1, including UDP-glucose¯avonone glucosyl transferase encoded by the bz1 anthocyanin gene. In addition, the phenotypes caused by the vp1±mum1 mutation and other somatically unstable transposon-induced vp1 alleles show that Vp1 regulation of the C1 gene is strictly cellautonomous in the aleurone (McCarty et al., 1989a; McCarty et al., 1989b) . Hence, these gene activation functions of Vp1 in aleurone evidently show little dependence on the genotype of the embryo.
The embryo is a source of inhibitory signals
The observation that Amy-GUS is partially de-repressed in aleurones of the emb-2008 mutant, which speci®cally ablates the embryo in the developing seed, provides strong evidence that the embryo is a source of negative regulators of the aleurone germination response. With respect to Amy-GUS regulation, removal of the embryo is at least as effective as the presence of a viviparous embryo in the seed. Ablation of the viviparous embryo in the emb-2008, vp1 double mutant further enhances Amy-GUS expression relative to the vp1 single mutant suggesting that even a viviparous vp1 embryo has an inhibitory in¯uence on the aleurone. This result argues strongly against the hypothesis that the viviparous embryo is a signi®cant source of an inducing signal such as GA.
Moreover, this result rules out non-speci®c effects of viviparous development such as premature rupture of the pericarp that might contribute to amylase de-repression. We attribute the effect of the emb-2008 mutation to the greatly reduced amount and undifferentiated state of the embryo tissue present rather than a speci®c effect of this mutation on aleurone gene regulation. The emb mutants represent a large class of seed mutants in maize (Clark and Sheridan, 1991) and we anticipate that other mutations of this type will have similar effects.
Evidence that ABA is an embryo source inhibitor
The similar effects of the emb-2008 and vp5 mutations on Amy-GUS de-repression in aleurone cells suggest that ABA synthesized in the embryo is at least partly responsible for inhibition of the aleurone germination response during seed development. The observation that even vp1 mutant embryos partially inhibit Amy-GUS expression in aleurone cells when compared to vp1 vp5 double mutant embryos is consistent with the fact that vp1 mutant embryos synthesize ABA (Robichaud et al., 1980) . Although ABA levels slightly lower than wild type have been recorded in vp1 embryos late in development (Neill et al., 1987) , it is unclear that such minor differences in ABA levels alone would account for the strong interaction between vp1 mutant embryo and vp1 mutant aleurone evident in Figure 2 . Because the embryo is the predominant site of ABA synthesis in the seed, ABA levels in the concordant vp1 mutant seeds and non-concordant seeds that have mutant embryos are expected to be similar. The synergism derived from combining a vp1 embryo with a vp1 mutant aleurone in the same seed seems inconsistent with an additive ABA effect. Hence the developing embryo may be a source of other inhibitory signals that are secreted by normal embryos, but not synthesized by viviparous embryos. Non-ABA inhibitory factors (King, 1976; Skadsen, 1993) have been implicated in the regulation of germination in cereal grains. Sugars, for example, cause repression of a-amylase in barley embryos but not in aleurone (Pereta et al., 1997) .
Inductive signals such as GA do not limit a-amylase expression in maize These genetic manipulations indicate that inductive signals from the embryo, such as GA, have a limited role in regulation of the aleurone germination response during viviparous development. This conclusion is supported by our previous ®nding that Amy-GUS expression in developing vp1 mutant aleurone cells is predominantly independent of exogenous GA (Hoecker et al., 1995) . Moreover, our ®nding that GA de®cient d1 mutant aleurone cells exhibit high levels of Amy-GUS Embryo and endosperm interactions during seed development 375 activity in the absence of exogenous GA (Figure 4) indicates that GA synthesis does not limit expression during normal germination either. These results concur with other studies that have documented a weak GA dependence of the maize aleurone germination response relative to other cereals (Harvey and Oaks, 1974) . Although ABA is principally regarded as an antagonist of GA signaling in the aleurone system, the ABA sensitivity of Amy-GUS expression in d1 aleurones suggests that in maize ABA action does not depend on the presence of a GA signal per se. The wild-type maize aleurone is in this respect similar to the aleurone of slender barley (Lanahan and Ho, 1988) .
Taken together our results indicate that among the ensemble of factors regulating a-amylase genes in developing aleurone cells, ABA and VP1 appear to be relatively more important than GA synthesis or sensitivity. VP1 action in this context is largely independent of the two hormones. In general, cereals are known to vary widely in the GA dependence of amylase expression during germination (Schuurink et al., 1992) . One possibility is that the requirement for GA synthesis is determined at least in part by the activity of VP1 in the mature aleurone. A correlation between expression of a Vp1 homolog and dormancy has been found in Avena fatua (Jones et al., 1997) . In grains such as maize where VP1 may be present at very low levels in the mature seed, the activation of germination-speci®c genes may be largely GA-independent. Consistent with this idea, we have identi®ed dominant negative mutant forms of VP1 that activate Amy-GUS expression in Himalaya barley aleurones in the absence of GA (Hoecker et al., 1995) , suggesting that a homologous VP1 mediated mechanism plays a signi®cant role in regulating the barley aleurone response post-imbibition.
Experimental procedures
Plant materials
The T-B3la, vp5 and d1 stocks were obtained from the Maize Cooperative Stock Center (Urbana, IL, USA) genetics stock center. T-B3La hyperploid plants were made heterozygous for the vp1-R mutant by crossing the T-B3La stock as pollen parent to a vp1 heterozygote (Vp1 vp1; R-scm R-scm) and selecting seed that had a colorless endosperm and a pigmented embryo. Crossing those plants to vp1 heterozygotes yielded the following four classes of seed where the endosperm and embryo genotypes are listed in parentheses: normal seed with concordant endosperm and embryo genotypes (Vp1 Vp1 vp1/Vp1 vp1); non-concordant seed with a hypoploid vp1 mutant endosperm and a hyperploid wildtype embryo (vp1 vp1 (±)/vp1Vp1 Vp1); non-concordant seed with a hyperploid wild-type endosperm and a hypoploid mutant embryo (vp1 vp1 Vp1 Vp1/vp1 (±)); concordant seed with a vp1 mutant endosperm and mutant embryo (vp1 vp1 vp1/vp1 vp1).
The recessive embryo defective mutant, emb-2008, was isolated from an active Robertson's Mutator maize line. Embryo development in mutant seed is blocked at the transition stage with an enlarged suspensor still attached in the mature seed. The shape, size, texture and pigmentation of the endosperm is normal. The mutant is similar in phenotype to a large class of independent emb mutants that have described in maize (Clark and Sheridan, 1991) . The allelism to other emb mutants has not been determined.
The emb-2008 stock was crossed to a vp1-R heterozygote and the resulting double heterozygotes were self-pollinated to recover single mutant and double mutant seeds. The vp1, emb-2008 double mutant seeds were identi®ed at 24 d.a.p. by the endosperm color (yellow) and embryo phenotype. A colorconverted vp5 stock was constructed by crossing a standard vp5 line (Maize Cooperative Stock Center, Urbana, IL, USA) to a fully pigmented W22 line (A1, Bz1, Bz2, C1, C2, R1-scm) as described in Hoecker et al. (1995) . The colored vp5 stock was crossed to a vp1 heterozygous plant. The resulting double heterozygotes were self-pollinated to generate vp5 and vp1 single mutant and vp1 vp5 double mutant seeds.
